V entricular arrhythmias are responsible for ≥50% of sudden cardiac death in the 2 years after myocardial infarction (MI), with the risk being greatest within the initial 30 days. 1 Programmed ventricular stimulation (PVS) early postinfarction identifies patients at long-term risk of ventricular arrhythmias and sudden cardiac death. [2] [3] [4] This suggests that the re-entrant circuits of ventricular tachycardia (VT) may form within the first week postinfarction.
Electroanatomic Map
Under fluoroscopy, an Ensite multielectrode array (St. Jude, St. Paul, MN) was deployed within the LV. A quadpolar catheter was positioned in the coronary sinus with the proximal bipole at the ostium and a decapolar catheter tip at the right ventricular (RV) apex. An electroanatomic mapping catheter (Thermocool, D-curve; Biosense Webster, Diamond Bar, CA) was advanced via the retrograde aortic approach into the LV.
An electroanatomic map and simultaneous noncontact and contact data were collected via the Ensite system. Pacing was performed at 7 sites encompassing the LV endocardium, as well as the RV apex, distal CS (coronary sinus), and high right atrium (cycle length, 400 ms; twice local threshold). Pacing and sinus rhythm were recorded on the noncontact system for ≥10 s for dynamic substrate mapping (DSM). Anatomic landmarks identified by catheter manipulation included the LV apex, aortic valve, mitral annulus, RV apex, coronary sinus, and right atrium. The homonymous artery was identified by cannulation with an anterolateral catheter and a 0.014″ angioplasty wire (Cordis ATW Marker wire, Cordis, NJ), the tip of which acted as a unipolar electrode. The wire was dragged through the arterial system to mark its location. Intracardiac contact electrograms and surface 12-lead electrocardiograms (EKGs) were recorded simultaneously on a conventional electrophysiology system (Prucka Cardiolab, GE Medical Systems, Milwaukee, WI), with bipolar electrograms filtered at 30 to 500 Hz.
Areas of dense injury, borderline injury, and normal myocardium were defined by both contact bipolar electrograms (≤0.5 mV, 0.5-1.5 mV, and >1.5 mV, respectively) 8 collected during sinus rhythm and noncontact DSM (≤30%, 30%-50%, and >50% of the local unipolar electrogram peak negative voltage). 9 The DSM was calculated as a global ratiometric map of the unipolar maximum negative voltage superimposed on the geometry. 9 We used the validated Ensite system to calculate fractionation by measuring the mean cycle length between consecutive deflections for 1, with fractionated electrograms (FE) defined as <120 ms. 10
Programmed Ventricular Stimulation
On days 8 and 100, after electroanatomic mapping, PVS was performed from the RV (pulse width 2 ms, drive train 8 beats, and ≤4 premature extrastimuli). The protocol was repeated twice each from 2 pacing sites (RV apex and basal septum) and with 2 drive trains (400 and 450 ms). The end point of stimulation was the final stimulus reaching refractoriness or initiation of a sustained ventricular arrhythmia. VT pos was achieved if the induced arrhythmia was monomorphic, cycle length ≥200 ms, sustained for ≥30 s if hemodynamically stable or ≥10 s if unstable, and reproducible. 3 A 10 to 20 s segment of the arrhythmia was recorded before termination.
Data Analysis
Collated data were analyzed using Matlab v2010a (Mathworks, Natick, MA). Isochronal maps were created with local activations defined as the maximum negative deflection of the virtual electrogram. Velocity substrate mapping was performed with in-house routines The earliest endocardial activation site was defined as the location with the earliest endocardial activity above baseline noise before activation of the exit site. Electric diastole was defined as cycle length-QRS duration. The amount of isthmus conduction mapped was defined as the percentage of the time interval from the earliest endocardial activity to QRS onset. 11 Statistical analysis was performed using SPSS version 16 (SPSS Inc, Chicago, IL). All descriptive continuous results are expressed as mean±2 SD or median (interquartile range). Discrete variables were compared with nonparametric tests (Fischer exact test or χ 2 analysis). Continuous variables were analyzed with the Student t test or ANOVA. A P<0.05 was considered statistically significant.
Animal Care
The care of the animals and study protocol was approved by the Sydney West Area Health Service Animal Ethics Committee and complied with the ethical standards of the National Health and Medical Research Council, Australia.
End Points
The primary end point was the comparison of the arrhythmogenic substrate and the reproducibility of the induced VT at the various time points. The secondary end point was to compare the electrophysiological characteristics of the injured myocardium at various time points between VT pos and VT neg animals.
Results

Myocardial Infarcts
MI was induced in 36 sheep. Twenty-one sheep (58%) survived and underwent PVS on the 3rd, 8th, and 100th days. Early deaths were caused by ventricular arrhythmia refractory to resuscitative measures during infarction. There was no further mortality or procedural complications.
Infarcts consistently produced marked anterior and septal wall akinesis on echocardiography. The ejection fraction and LV end-diastolic dimensions preinfarct and on days 3, 8, and 100 were 60% (55%-64%), 39% (34%-44%), 36% (35%-38%), 36% (31%-39%), and 39 (38-47), 44 (39-47), 45 (42-51), 47 (45-51) mm, respectively. Neither measurement demonstrated a statistical difference between the 2 groups (P>0.05).
Ventricular Tachycardia
Of the survivors, 9 of 21 (43%) had VT during PVS on day 8 postinfarction. There were a total of 19 unique VTs on day 8 with 1.5 (1.0-2.0) morphologies per animal and 17 on day 100 with 1.0 (1.0-2.0) morphology per animal (P=0.807; Table 1 ). No difference in VT characteristics were seen ( Table 2 ). All arrhythmias were not hemodynamically tolerated, limiting point-to-point or entrainment mapping.
The inducibility of monomorphic sustained VT at day 8 was concordant with that at day 100, with 100% (9/9) animals demonstrating repeat inducibility. Conversely, noninducibility at day 8 was also concordant with later noninducibility as seen in 12/12 VT neg animals.
A 12/12 EKG match between arrhythmias on days 8 and 100 was present in 15 of 19 rhythms. At least 1 inducible arrhythmia in each sheep had a 12/12 match at day 100. The unmatched VTs are detailed in the online-only Data Supplement. Table 3 shows the time course of substrate mapping. At day 3, the area of dense and borderline injury with DSM were both significantly elevated from the preinfarct values ( 2 , P<0.001, respectively). The area of dense and borderline injury remained unchanged from day 3 (P=0.717 and P=0.102, respectively). No difference was seen in the dense or borderline injury areas between VT pos and VT neg groups at any time point.
Substrate Mapping
There were 564 (493-630), 570 (501-681), 653 (481-713), and 552 (441-660) contact points collected preinfarct and on days 3, 8, and 100, respectively (P=0.687). The area of dense and borderline injury were significantly larger on day 3 compared with preinfarct (preinfarct versus day 3: 0.7 [0. The area with FE, unlike voltage substrate mapping, increased with time from 8% (5%-10%) on day 3 to day 18% (13%-20%) on day 100 (P<0.001). There was no difference in the FE area between VT pos and VT neg subjects on day 3 (P=0.193). VT inducibility was associated with a larger FE area at day 8 
VT Electroanatomic Mapping
A fixed affine transformation using fixed landmarks allowed geometric comparison of the VT activation maps at days 8 and 100. Of the 9 VT pos animals at the subacute phase, 6 had the same number of VTs at the chronic phase. The earliest endocardial activation site and VT propagation pattern were identical for VTs which had a 12-lead EKG match between days 8 and 100 ( Figure 2 ).
The earliest endocardial activation was in the borderline injury area at both time periods, in close proximity to the 30th percentile DSM, the boundary between dense and borderline injury ( 
Velocity Substrate Mapping
There was no difference in the area with very slow and slow conduction throughout the study period ( Table a in Figure 3B ).
The earliest endocardial activation site originated close to areas of very slow conduction and typically conducted between linear regions of very slow and through areas of slow conduction (Figure 4 ). Multiple morphologies of VT in a single animal usually had a common or close activation site, which approximated the location of the slowed conduction velocity substrate. 
Discussion
Our main findings include the following: (1) Early inducibility of monomorphic VT postinfarct was predictive of chronic inducibility. Conversely, early noninducibility was predictive of chronic noninducibility. (2) The earliest presystolic activation sites of VTs and its relationship to areas of myocardial injury were similar in subacute and chronic periods. 
Characteristics of VT
To the authors understanding, this study is the first to demonstrate that postinfarct VT re-entrant circuits form subacutely and remain stable into the chronic phase. Electrophysiological and electroanatomical characteristics demonstrated no difference between induced VT during the subacute and chronic phases, with comparable sites of earliest presystolic activation. This site was predominantly in the borderzone adjacent to dense injury areas at both phases. This concurs with studies of chronic ischemic VT, in which the VT was found to originate from similar sites. 15 The majority of the VTs were successfully terminated with antitachycardia pacing, suggesting re-entry. The hemodynamic instability associated with the arrhythmias prevented entrainment mapping in this study. Histopathologic studies of postinfarct human myocardium have described connective tissue proliferation only by the third week. 16 Our findings suggest VT re-entrant circuits develop in the first week. This early stabilization is consistent with postmortem and animal MRI studies. 17, 18 Our finding of multiple VT morphologies showing the same earliest activation site is consistent with Ciaccio et al, 19 who localized the re-entry isthmus in patients with chronic postinfarct VT and found that multiple VT morphologies shared isthmuses in most patients. In chronic postinfarct VT, the median number of inducible arrhythmias was 3, which is consistent with our findings at both time periods. 20 In this study, there was no significant difference in cycle length between days 8 and 100. The rapid induced VT early postinfarct is consistent with clinical studies 3, 4 and animal studies. 6 The 2 clinical studies found that spontaneous episodes of VT months after early PVS had significantly slower cycle lengths (220-230 versus 331-365 ms, PVS versus spontaneous). Although induced VTs are typically faster than spontaneous arrhythmias, it may also be possible that VT cycle lengths lengthen with time. The median cycle length of VTs induced 2 weeks, 5 months, and 9 years postinfarct are 229, 233, and 430 ms. 14, 20 
Substrate Changes
There was no difference in the LV ejection fraction or the proportion of the LV affected by scar between VT pos and VT neg animals. Furthermore, there was no difference in the proportion of dense and borderline injury. In 17 chronic postinfarct patients with spontaneous VT, Haqqani et al 21 found that VT was associated with a larger low-voltage area (<1.5 mV) and very low-voltage area (<0.5 mV), but these were not assessed as a proportion of the LV. Furthermore, Haqqani et al 21 confirmed our findings that there is a correlation between the size of FE area and chronic VT inducibility. Our study extended this concept to demonstrate a further correlation with subacute VT. The discrepancy between the stability of VT after the first week and the continued evolution in FE area into the chronic phase shows that FEs are only a marker for but may not contribute to the development of re-entrant circuits.
Our results demonstrate that areas of slow and very slow conduction form early. Alzand et al 22 concluded that ischemic VT usually arises from slowly conducting channels surrounded by ≥2 scarred or nonconducting areas. Unlike other measures predicting the likelihood of VT, our results demonstrate that there were already significantly more linear regions of slowed conduction in VT pos in the subacute period. This remained stable between the subacute and chronic phases, reflecting the stability of the VT circuit from an early subacute phase.
Study Limitations
This ovine model study may not accurately reflect clinical outcomes, particularly that cardiac remodeling may occur for 3 years postinfarct in humans. 23 However, a complex study of this nature with detailed serial mapping and multiple PVS is feasible neither in humans nor for a prolonged period in animals. Ovine infarct, unlike canine models, were chosen because they are predictable and histologically similar to human infarction. 24 Temporary arterial occlusions in ovine models reflect current standard practice of primary percutaneous intervention, resulting in more patchy areas of surviving myocardium with an increase in propensity to VT. 5 Continuous cardiac monitoring was not instituted between procedures, limiting detection of nonfatal arrhythmias. Medical therapy such as β-blockers and angiotensin converter enzyme inhibitors, which affect postinfarct mortality, were also not given in this study.
Clinical Implications
This study demonstrated that in the subacute phase, inducibility of VT and the underlying substrate is predictive of chronic VT, explaining the utility of early electrophysiology testing. It also raises the question whether early radiofrequency modification of the substrate may offer long-term benefit.
Conclusion
This study is the first of its kind using detailed 3-dimensional electroanatomical mapping of the electrophysiological changes of the LV spanning the acute to chronic remodeling phases after acute MI. From this, we demonstrated that the inducibility of VT and the characteristics of the induced VT during the subacute period were unchanged in the chronic period and conversely noninducibility was also unchanged. The earliest presystolic endocardial activation sites of the VTs had similar locations between the subacute and chronic periods and were associated with channels of normal conduction bordered by areas of slowed conduction. Voltage changes in the LV endocardium because of MI were stable throughout the subacute and chronic phases. The majority of changes attributed to chronic VT circuits occurred in the subacute stage and were associated with increased fractionated signals and substrate borderline changes.
